ABSTRACT-Preterm infants have increased risk of neonatal sepsis, potentially inducing brain injury, and they may benefit from early initiation of enteral milk feeding. Using preterm pigs as models, we hypothesized that early provision of bovine colostrum to parentally nourished newborns protects against sepsis and neuroinflammation during bloodstream infection. Preterm newborn pigs were administered 10 9 CFU/kg of intra-arterial Staphylococcus epidermidis (SE, an opportunistic pathogen often causing sepsis in preterm infants), followed by administration of total parenteral nutrition (TPN, SE þ TPN, n ¼ 15) or oral provision of bovine colostrum with supplementary parenteral nutrition (SE þ COL, n ¼ 14), and compared with uninfected, TPN-nourished controls (CON þ TPN, n ¼ 11). SE-infected animals showed multiple signs of sepsis, including lethargy, hypotension, respiratory acidosis, internal organ hemorrhages, cellular responses (leukopenia, thrombocytopenia), brain barrier disruption, and neuroinflammation. At 24 h, colostrum supplementation reduced the SE abundance in blood and cerebrospinal fluid (CSF, both P < 0.05). Furthermore, colostrum feeding normalized arterial blood pressure (38.5 AE 1.20 vs. 30.6 AE 3.79 mmHg), pH (7.37 AE 0.02 vs. 7.10 AE 0.07), and lactate (1.01 AE 0.11 vs. 4.20 AE 1.20 mM, all P < 0.05), and increased motor activity, to levels in controls (P < 0.001). Finally, colostrum-fed animals showed reduced blood-CSF barrier permeability and CSF leukocyte levels, and this was accompanied by normalized gene expression of tight junction proteins (Occludin, Claudin-5, both P < 0.05) and reduced expression of leukocyte chemoattractants (CXCL9-11, all P < 0.01). Early oral supplementation with bovine colostrum prevents septic shock and ameliorates brain barrier disruption and neuroinflammation during bloodstream infection in preterm pigs. Bovine colostrum supplementation may improve resistance against systemic infection in immature, immune-compromised preterm infants.
INTRODUCTION
Preterm birth and infectious diseases account for the majority of early childhood morbidities, and preterm neonates in particular are extremely susceptible to serious infections (1) . Despite improvements in clinical care, a large proportion of hospitalized preterm infants are affected by sepsis. Neonatal sepsis is a major risk factor for chronic neurological disabilities, such as cerebral palsy and cognitive impairment (2) . The brain is normally protected by the blood-brain and bloodcerebrospinal fluid (CSF) barriers, which safeguard the brain from blood-borne neurotoxic substances. The brain barriers may become functionally impaired during neonatal sepsis, leading to detrimental immune reactions and brain injury (3) .
Just after birth, the systemic and mucosal immune systems must cope with acute environmental changes, including enteral feeding and microbial colonization of epithelial surfaces. Decreased pattern recognition receptor signaling, chemotaxis, adhesion, phagocytosis, and cytokine secretion, together with the transplacental transfer of immunoglobulins before birth, are essential mechanisms to facilitate a state of immune tolerance at birth, although this state may also increase the infection susceptibility (4) . Although term infants normally cope well, preterm infants may be compromised due to immune system immaturities, including a reduced number of blood neutrophils and soluble immune factors, such as complement factors and circulating immunoglobulin G (IgG) (5, 6) . The use of indwelling catheters required for fluid, drug, and nutrition treatments might further increase the risk of bloodstream infections.
Feeding the preterm infant with mother's own milk has a definite preventive effect on sepsis susceptibility (7) . Regardless, even in settings of exclusive breastfeeding, a large proportion of preterm infants are diagnosed with sepsis (8) . There is a need to understand the systemic effects of enteral milk feeding, and if humoral immunity can be further stimulated beyond that of mother's own milk. Oral bovine lactoferrin, a pleiotropic antimicrobial peptide and breast milk constituent, has been shown to protect against late-onset neonatal sepsis in very low birth weight infants (9) , whereas intravenous granulocyte-macrophage colony-stimulating factor, another breast milk constituent (10) , replenishes circulating neutrophils but fails to prevent against neonatal sepsis (11) . Vascular administration of exogenous IgG may have minor preventive effects on neonatal sepsis but fails to reduce mortality (12) .
Colostrum, the first milk after birth in mammals, is tailored to improve the antimicrobial vigilance of newborns. It contains numerous proteins and peptides with immunological functions, such as antimicrobial, complement, and coagulation factors (13) . Early feeding with even small amounts of mother's colostrum seems to protect against sepsis in preterm infants (14) . However, initiation of lactation is often delayed after preterm birth and human colostrum is impossible to obtain in bulk amounts. In preterm pigs, porcine and bovine colostrum as well as donor human milk protect against serious gut infections (15). The effects of enteral feeding with colostrum on systemic infections have not been investigated and as of yet, no animal model of neonatal sepsis incorporates all the normal physiological signs of preterm birth (impaired respiratory, cardiovascular, metabolic, gut, immune, and brain functions). Species-specific immune development may be important, but if bovine colostrum protects against systemic infections in preterm pigs, it may be relevant to provide a colostrum supplement to mother's own milk during the first weeks after preterm birth in infants.
We hypothesize that oral supplementation with bovine colostrum to preterm parentally nourished newborns protects against sepsis and brain injury. The aims of the study were to establish and validate a clinically relevant large animal model of neonatal sepsis using preterm pigs administered the archetypical sepsis pathogen Staphylococcus epidermidis (SE). Furthermore, we wished to test the preventive effects of early bovine colostrum supplementation on SE-induced organ dysfunctions and neuroinflammation. The results have implications for the uncertainty and complications related to early enteral feeding in preterm infants, using either maternal milk or substitutes when mother's own milk is not available.
MATERIALS AND METHODS

Animal experimental procedures
Preterm pigs (Danish landrace Â Large White Â Duroc) were delivered by cesarean section at 91% gestation (107 AE 1 days). After birth, all animals were moved to individual preheated incubators (378C) with oxygen supply (1-2 L/ min). Within 2 h of delivery, animals were fitted with orogastric (6 Fr; Portex, Kent, United Kingdom) and vascular catheters (4 Fr; Portex) into the dorsal aorta via the transected umbilical cord for enteral feeding and arterial access, respectively.
For an initial bacterial dose-finding test, 56 piglets were randomly allocated to one of five groups receiving intra-arterial saline or increasing doses of SE (2 Â 10 6 , 1 Â 10 8 , 1 Â 10 9 , or 5 Â 10 9 colony-forming units (CFU)/kg body weight, n ¼ 5-13). All animals received 6 mL/kg/h total parenteral nutrition (TPN) and no enteral feeding. For the colostrum intervention study, 40 piglets from two sows were stratified by sex and birth weight, and randomly allocated to one of three groups: a control group receiving intra-arterial saline and 6 mL/ kg/h TPN (CON þ TPN, n ¼ 11), an infected group receiving 1.0 Â 10 9 CFU/kg body weight SE and 6 mL/kg/h TPN (SE þ TPN, n ¼ 15), or a colostrum supplementation group receiving the same dose of SE and 10 mL/kg/3 h bovine colostrum þ 3 mL/kg/h supplementary parenteral nutrition (SE þ COL, n ¼ 14).
The parenteral formulation was based on Kabiven (Fresenius-Kabi, Bad Homburg, Germany) with added vitamins and minerals (Soluvit, Vitalipid, and Peditrace, all Fresenius-Kabi), and modified to meet macronutrient requirements of preterm pigs, as previously described (16) . The bovine colostrum product (Biofiber-Damino, Gesten, Denmark) was produced from first and second milkings of Danish Holstein dairy cattle within the first 24 h after parturition, gently processed to preserve bioactivity and sterilized by gammairradiation. One liter of colostrum contained 200 g dry powder dissolved in tap water. Detailed nutrient composition of parenteral formulation and colostrum is available elsewhere (16) .
Bacterial inoculation
Shortly after birth, animals were intra-arterially inoculated with the appropriate SE dose or pure sterile saline as control administered over 3 min using an Alaris GH Plus syringe pump (BD-CareFusion, Lyngby, Denmark). The inoculation order was blocked by group to achieve similar mean inoculation time after birth between groups. For preparation of SE inoculates, 30 mL tryptic soy broth (TSB) was inoculated with 500 mL SE stock (1:1 SE culture and 50% sterile glycerol, a kind gift from Dr. Xiaoyang Wang, Gothenburg University, Sweden) and incubated for 17 h at 378C. Optical density (OD) was determined in a 1:20 dilution in pure TSB using spectrophotometric measurement at 600 nm. The density of viable bacteria in the SE culture was then calculated based on a previously established conversion factor (OD ! CFU) of 0.64 Â 10 9 CFU/mL/OD. The required culture volume was centrifuged at 3,000 Â g for 5 min, supernatant decanted, bacterial pellet resuspended in sterile saline, and inoculates with appropriate bacterial concentrations prepared in 10 mL syringes. Serial 10-fold dilutions of the SE culture were plated on tryptic soy agar (TSA) with 5% sheep blood and incubated for 24 h at 378C to determine the exact SE concentration.
Clinical monitoring
Animals were clinically monitored with hourly assessments of respiration, circulation, and state of consciousness by experienced personnel, and if animals presented with shock symptoms, immediate euthanasia was performed. For 24 h survival analysis, mortality cases were defined as irreversible respiratory failure or prescheduled euthanasia due to shock. Motor activity was captured by continuous infrared video surveillance of each incubator connected to a motion detection software (PigLWin, Ellegaard Systems, Faaborg, Denmark) as previously described (17) . Invasive (intra-arterial) blood pressure was measured preinoculation, and 3 and 20 h postinoculation by connecting the umbilical catheter to a saline-filled tubing system pressurized to 200 mmHg and equipped with transducer and monitor (Datex Ohmeda Compact S5, GE Healthcare, Brøndby, Denmark). Data were stored and analyzed using Datex-Ohmeda S/5 Collect software. Arterial blood was drawn from the umbilical catheter at 6, 12, and/or 24 h postinoculation for bacteriology, hematology, and blood gas analyses.
A sequential organ function assessment (SOFA) scoring system was developed to assess cumulative organ function in SE-infected animals. The uninfected group served as reference and scores were based on standard deviations (SD) from the mean (score 0: <1 SD; score 1: >1 and <2 SD; score 2: >2 SD). In line with recent sepsis recommendations (18), we assessed neurological (motor activity), coagulation (blood platelet count), respiratory (arterial oxygen partial pressure), cardiovascular (mean arterial blood pressure), hepatic (serum bilirubin), and renal (serum creatinine) functions. For renal and hepatic function, elevated biomarker enzyme levels were considered adverse, and for the remaining functions, decreased levels of the respective parameters considered adverse. We defined sepsis as a cumulative score of three or more in animals assessed for at least three of six organ functions.
Euthanasia and sample collection
At 30 min before scheduled euthanasia, 5 mL/kg body weight 2% sodium fluorescein (Sigma-Aldrich, Brøndby, Denmark) in sterile saline was administered in the umbilical catheter for assessment of blood-CSF barrier permeability. Animals were sedated with 0.1 mL/kg Zoletil mixture and weighed. Mixed blood was drawn by cardiac puncture using vacutainer (BD, Lyngby, Denmark) for separation of plasma/serum. Exactly 24 h postinoculation, animals were euthanized with a lethal cardiac injection of sodium barbital (Glostrup Apotek, Glostrup, Denmark). All animal procedures were approved by the Danish National Committee on Animal Experimentation (2014-15-0201-00418).
For organ SE enumeration, right hind leg was removed for bone marrow extraction, and using aseptic techniques, the abdominal cavity was revealed and a splenic biopsy was obtained. After sterilization of the neck region, CSF was collected by suboccipital puncture (visibly blood-contaminated samples were discarded), the head was decapitated and the brain gently dislodged from the skull. The brain was weighed and right cerebral hemisphere immersion fixed in ice-cold 4% paraformaldehyde, left hippocampal formation dissected and snapfrozen, and the residual left cerebral hemisphere weighed, dehydrated (7 days, 508C), and weighed again for determination of cerebral water fraction.
Bacteriology
Femurs were dissected and immersed in ethanol, femur heads were cut open, and bone marrow collected aseptically. Spleen and bone marrow were homogenized in sterile saline using a Stomacher (Seward Ltd., Worthing, United Kingdom). CSF, blood, and splenic and bone marrow homogenates were plated (undiluted, 1:10 and 1:100 dilutions in sterile saline) on TSA with 5% sheep blood and incubated for 24 h at 378C for SE enumeration. Bacterial species identity was determined by Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS).
Hematology and clinical chemistry
Complete blood cell counts in EDTA stabilized whole blood and 24 h CSF leukocyte counting was performed using the Advia 2120i Hematology System (Siemens Healthcare GmbH, Erlangen, Germany). Arterial blood gas tests were carried out on whole blood using a GEM Premier 3000 (Instrumentation Laboratory, Mass), and clinical biochemistry was performed in 24 h serum using the Advia 1800 Clinical Chemistry System (Siemens Healthcare GmbH). C-reactive protein (CRP) was measured in 24 h serum using a porcine specific enzyme-linked immunosorbent assay (ELISA; DY2648, R&D Systems Denmark, Abingdon, United Kingdom). Bovine (colostrum-derived) and porcine immunoglobulin G levels in serum were determined by ELISA using species-specific antibodies AAI23AB and AAI41, respectively (both Bio-Rad, Kidlington, United Kingdom).
In vivo blood-CSF barrier permeability CSF-serum fluorescein ratio after standardized intra-arterial administration of sodium fluorescein was used as a measure of in vivo blood-CSF barrier permeability. Briefly, CSF and serum were treated with 6% trichloroacetic acid to precipitate proteins, and supernatants were then read in duplicates on a fluorescence plate reader at 440 nm excitation/525 nm emission (FLUOstar OPTIMA, BMG LABTECH GmbH, Ortenberg, Germany). Fluorescein concentrations were determined using an intraplate dilution series of pure sodium fluorescein.
Cerebral immune cell staining
Slabs of 5 mm thickness were cut from formalin-fixed cerebral hemispheres at a level 5 mm to 10 mm posterior to bregma and embedded in paraffin. Sections of 5-mm thickness were cut on a sliding microtome and mounted on gelatin-coated glass. Microglia and peripheral monocytes were stained using the Iba-1 epitope. Briefly, sections were deparaffinized and rehydrated, and treated sequentially with 1% hydrogen peroxide, Biotin Blocking System X0590 (Dako, Glostrup, Denmark), 5% normal swine serum, 0.1% goat anti-human Iba-1 antibody Ab5076 (16 h, 48C; Abcam, Cambridge, United Kingdom), 0.05% biotinylated F(ab) 0 2 polyclonal rabbit anti-goat antibody (1 h, 208C; E0466, Dako), Vectastain Elite ABC Kit (Vector Labs, Peterborough, United Kingdom), and 0.04% 3,3 0 -diaminobenzidine (DAB; Sigma-Aldrich). Omission of primary antibody and staining of mesenteric lymph node served as negative and positive controls, respectively.
Stained sections were digitalized at 10Â magnification using an Axio Scan.Z1 slide scanner with bright-field settings (Zeiss Microscopy, Jena, Germany). Chromogen signal was quantified by image analysis using the Visiopharm software package (Visiopharm, Hørsholm, Denmark). Cell number and mean cell size as measures of peripheral immune cell infiltration and microglia/monocyte activation, respectively, were counted after small-size discrimination to remove microglia filopodia from nonvisible cell somas.
Hippocampal gene expression
Frozen hippocampus was homogenized in QIAzol Lysis Reagent (Qiagen AB, Sollentuna, Sweden) using a gentleMACS dissociater (Miltenyi Biotec Norden AB, Lund, Sweden). Total RNA was extracted with RNeasy Lipid Tissue Mini Kit (Qiagen AB) using the manufacturer's protocol and RNA purity and concentration were determined on a Nanodrop ND-1000 (Saveen Werner AB, Limhamn, Sweden). RNA integrity was measured using the RNA 6000 Nano Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Naerum, Denmark), and complementary DNA was synthesized in duplicates from 500 ng total RNA using the QuantiTECT Reverse Transcription kit (Qiagen AB).
Primers were designed using Primer3 (http:// frodo.wi.mit.edu/), as previously described (19) (19) . Relative amplicon concentrations were determined using standard curves from three separate dilution series of pooled cDNA. Reactions were run in duplicate (on cDNA level) to control for assay variation. Nonreverse transcribed RNA and no-template reactions were included to control for genomic DNA and unspecific amplifications specifically.
Data were acquired with Fluidigm Real-Time PCR Analysis software 3.0.2 (Fluidigm) and processed using GenEx5 (MultiD, Gothenburg, Sweden). Briefly, reaction efficiency corrections were performed for each primer assay. Data were normalized by the geometric mean of beta-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein L13a (RPL13A), peptidylpropyl isomerase A (PPIA) expressions identified by GeNorm and NormFinder algorithms as having the highest expression stability in a panel of eight candidate reference genes. In each primer assay, the expression level of the sample with the lowest expression was assigned a value of 1 and the remaining sample values scaled accordingly.
Statistics
Bacteriology data, CRP values, and gene expression data were log-transformed to approach normal distribution. For the SE dose-finding experiment, survival data were analyzed with a Mantel-Cox test and remaining data using one-way ANOVA. Testing for linear dose-response relationships was performed with post hoc tests for linear trend. In the colostrum intervention study, two pairwise comparisons CON þ TPN versus SE þ TPN (the SE infection effect) and SE þ TPN versus SE þ COL (the colostrum feeding effect during SE infection) were performed separately. Survival rate and SOFA-based sepsis incidence were tested with Fisher exact test. Motor activity was analyzed using repeated measures ANOVA, whereas remaining data were analyzed using a linear mixed model with sex, birth weight, and treatment as fixed variables and litter as random variable. Data are presented as means with standard errors, unless otherwise specified, and P values <0.05 are considered significant. All statistical analyses were performed using the Stata statistical package (v11; StataCorp, College Station, Tex).
RESULTS
SE dose-response study
A direct dose-response relationship was found for bacterial abundance in blood 24 h postinoculation (P < 0.001; Fig. 1A ) and an inverse relationship with 12 h total leukocytes and blood platelet counts, and with 24 h survival rate (all P < 0.001; Fig. 1, B-D) . No obvious dose-response relationships were observed for arterial blood acidity and CSF leukocytes, but mean arterial blood pH tended to decrease at doses of 10 9 CFU/ kg or more, whereas CSF leukocytes tended to increase from 10 8 CFU/kg (Fig. 1, E and F) . A small proportion of animals receiving at least 10 9 CFU/kg developed shock symptoms, including respiratory distress, dyspnea, discoloration, and coma, whereas extensive cerebral, hepatic, and renal hemorrhages were frequently observed at autopsy after doses of 10 8 CFU/kg or higher (Fig. 2, A-C) . A few animals receiving the highest SE dose of 5 Â 10 9 CFU/kg had no blood clotting capacity, indicating a state of disseminated intravascular coagulation (DIC). Based on our aim to cause clear clinical symptoms with minimal mortality, an SE dose of 10 9 CFU/kg was chosen for the diet intervention study, reported below.
Bacteriology and clinical observations
After arterial inoculation, a constant load of live SE was detected in the blood at 6, 12, and 24 h in the SE þ TPN group, indicating an inability to clear the bacteria. At 24 h, several SE þ TPN animals also had SE-positive CSF samples. Colostrum supplementation significantly reduced SE abundance in blood and CSF at 24 h (both P < 0.05; Table 1 ), and SE concentration in spleen and bone marrow tended to be lower, although the differences did not reach statistical significance. The SE strain identity was confirmed by MALDI-TOF MS. All plated tissue, blood, and CSF samples from CON þ TPN animals were culture-negative. The difference between the calculated and the actual CFU (determined by a plated dilution series of the SE culture) was <20%.
The 24 h survival rate was reduced, however not statistically significant, in the SE þ TPN group (80%, 12/15 vs. 100%, 11/ 11 and 14/14 in CON þ TPN and SE þ COL groups). The three SE þ TPN animals were euthanized preschedule between 12 and 20 h due to shock symptoms. Sepsis incidence by the adapted SOFA-based diagnosis was significantly higher in SE þ TPN than in SE þ COL pigs (64%, 7/11 vs. 21%, 3/14; P < 0.05; Supplementary Table S1, http://links.lww.com/SHK/ A711). Physiological weight loss straight after birth was reduced in SE-infected pigs, probably due to more water retention (P < 0.05; Fig. 3A) . Likewise, physical activity was reduced by SE infection but activity was normalized at 24 h in response to colostrum supplementation (both P < 0.001; Fig. 3B ). Mean arterial blood pressure (at 20 h) was reduced after SE inoculation, but normalized in colostrum supplemented animals (both P < 0.05; Fig. 3C ).
Hematology and clinical chemistry
Arterial blood pH gradually declined during SE infection with a slight decline after 12 h (P < 0.05; Fig. 3D ) and a more dramatic decrease at 24 h (P < 0.01), concomitant with increased lactate levels (P < 0.05; Fig. 3E ). Colostrum supplementation prevented the blood pH reduction and lactate increase. Remaining blood gas parameters are shown in Supplementary Table S2 (see http://links.lww.com/SHK/A711).
Blood platelet levels decreased in all groups during the first 24 h after birth and SE infection further reduced platelet counts with no effect of colostrum (all P < 0.01; Fig. 3F ). Fibrinogen levels increased 2-fold at 24 h in both SE-infected groups (P < 0.001; Table 2 ). A diverse response of the different leukocyte subsets was observed after SE infection. The SE þ COL animals initially responded with an increase in neutrophil counts, compared with SE þ TPN (P < 0.01 at 6 h; Fig. 3G ), but this difference disappeared later. In contrast, lymphocyte and monocyte counts, showing similar trends with time after infection, responded to SE infection with consistent reductions that were unaffected by colostrum supplementation (P < 0.001 and P < 0.05 for lymphocytes and monocytes, CRP levels increased 40-fold in both SE þ TPN and SE þ COL groups at 24 h (P < 0.001; Table 2 ). Cholesterol (P < 0.001) and iron (P < 0.05) decreased significantly in response to SE infection, with a further reduction in colostrum supplemented animals (P < 0.001). Other electrolytes as well as routine markers of liver and kidney function were not affected despite hemodynamic instability and obvious gross pathological changes to both these organs. Colostrum supplementation had some effects on clinical chemistry variables that seemed unrelated to SE infection, including decreased calcium and phosphate, and increased total protein, blood urea nitrogen, bovine IgG, and gamma-glutamyltransferase activity (all P < 0.05).
Blood-CSF barrier assessment and cerebral histology
The CSF-serum fluorescein ratio was significantly increased 24 h after SE inoculation in SE þ TPN pigs but normalized to control levels in SE þ COL pigs (both P < 0.05; Fig. 4D ). Moreover, CSF leukocyte counts were highly elevated in SE þ TPN pigs at 24 h, compared with CON þ TPN pigs (P < 0.001; Fig. 4E ). The SE þ COL pigs had intermediate counts but these were lower than in SE þ TPN pigs (P < 0.01).
Brain weight was increased in SE þ TPN pigs at 24 h (28.9 AE 0.41 g vs. 27.5 AE 0.53 g in CON þ TPN pigs, P < 0.05), consistent with a slight increase in cerebral water fraction (85.0 AE 0.2% vs. 84.3 AE 0.2% in CON þ TPN, P < 0.05). Values in SE þ COL pigs were similar to those in SE þ TPN pigs. After histopathological examinations, we observed cerebrovascular immune cell adherence, blood clots, and focal parenchymal immune cell aggregates in several SEinfected animals (Fig. 4, A and B) and extensive vasogenic edema was found in three SE þ TPN animals with shock symptoms (Fig. 4C) . No obvious morphological differences were observed for Iba-1 positive cerebral cells after SE infection except for the SE þ TPN animals that developed shock, in which resting microglia with characteristic ramified morphology were largely absent (Fig. 4C) . The SE infection increased the prevalence and mean size of cerebral Iba-1 positive cells (both P < 0.05; Fig. 4 , F and G) indicative of peripheral immune cell invasion, which seemed not to be prevented by colostrum supplementation.
Hippocampal gene expression
Among the 71 unique genes tested, 36 were expressed at detectable levels and passed the technical quality assessments. Twenty-four genes were significantly affected by SE infection (Table 3) , and seven of these genes were additionally affected by oral supplementation with colostrum (Fig. 5) . Several immune response genes (PTGS2, OASL, and TLR4) were at least 3-fold upregulated in SE þ TPN pigs compared with control (all P < 0.001), whereas colostrum supplementation downregulated PTGS2 expression during SE infection (P < 0.01). Extrahepatic upregulation of acute phase reactants SAA1 (30-fold) and C3 (3-fold) was observed (both P < 0.001; Table 3 ) with no apparent effect of colostrum. SE infection also led to a 2-fold upregulation of a series of anti-inflammatory genes (TNFAIP3, HMOX1, and IKBA, all P < 0.05) and genes coding for immune cell Data are presented as means with standard error except CRP, which is presented as median with interquartile range. n ¼ 9-12. IgG, immunoglobulin G; CRP, C-reactive protein; GGT, gamma-glutamyltransferase; AP, alkaline phosphatase; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; BUN, blood-urea nitrogen; nd, not detectable. † and † † † Denote test significance probability values below 0.05 and 0.001, for testing the SE bloodstream infection effect (CON þ TPN vs. SE þ TPN). * , ** , and *** Denote test significance probability values below 0.05, 0.01, and 0.001, for testing the colostrum feeding effect during SE bloodstream infection (SE þ TPN vs. SE þ COL).
chemoattractants (100-to 1000-fold) and receptors (CXCL10, CXCL9, CXCL11, and CXCR2, all P < 0.001; Table 3 ). Interestingly, the expression level of IKBA was normalized to that of controls (P < 0.05), and levels of chemokine receptor CXCR3 ligands (CXCL9, CXCL10, CXCL11) were reduced to 20% after colostrum supplementation (all P < 0.01; Fig. 5 ). Several endothelial cell adhesion genes were upregulated (2-to 20-fold for ICAM1, VCAM1, and SELE, all P < 0.001), whereas expression of tight junction-related genes (OCLN, CLDN5) were downregulated in response to SE infection (P < 0.05). Importantly, colostrum supplementation normalized the expression of these tight junction protein genes to control levels (both P < 0.05; Fig. 5 ). The expression of the glucose transporter GLUT3 , and (C) vasogenic edema. Activated and clotted blood vessels and immune aggregates were not confined to particular anatomical regions of the cerebrum and appeared in both TPN and COL groups, whereas vasogenic edema was only seen in the thalamic region of TPN animals with shock. Notice that microglia morphology is normally ramified (A-B) , whereas during shock they decrease in Iba-1 staining intensity and lose their filopodia. (D) In vivo blood-CSF barrier permeability measured by CSF-serum fluorescein ratio. (E) CSF leukocyte levels. (F-G) Relative cerebral Iba-1 positive cell numbers and mean cell size determined by quantitative image analysis. All data are presented as means with standard errors (n ¼ 11-15). For image analysis data, CON þ TPN mean levels are normalized to a value of 1, and the other groups scaled accordingly. and the rate limiting glycolytic enzyme HK2 were upregulated 1.5-to 2-fold (both P < 0.01) in SE þ TPN and SE þ COL animals. Interestingly, we found opposite regulation patterns of the two short-chain fatty acid/ketone body receptors FFAR2 and HCAR2, which are expressed mainly by monocytes. FFAR2, coding for a high affinity propionate and butyrate receptor, was downregulated, whereas HCAR2, coding for a butyrate and beta-hydroxybutyrate receptor, was upregulated in response to SE infection (both P < 0.001; Table 3 ). Finally, the expression of MBP, coding for a myelin structural component, was downregulated during SE infection (P < 0.01).
DISCUSSION
Neonatal sepsis is a complex multiorgan syndrome most often afflicting preterm infants, which are physiologically and immunologically immature relative to full-term newborns (20) . Here we used preterm pigs to establish a sensitive preclinical model of neonatal sepsis for preterm infants and found that early oral supplementation with the first milk from cows, bovine colostrum, reduced sepsis incidence, as indicated by SOFA scoring to assess the function of multiple organs, in accord with current diagnostic tools for clinical sepsis (18) . Sensitivity to neonatal sepsis across different mammals is influenced by many factors, such as genetics (e.g., inbred vs. outbred animals), maturity at birth (altricial vs. precocial species), and transmission of passive immunity (e.g., immunoglobulins) from mother to offspring (e.g., fetal transplacental transfer vs. postnatal uptake via the gut). All these factors are important for the translational relevance of a given animal model of neonatal sepsis (21) . In this study, the experimental procedure involved a systemic infusion of the commonly observed human commensal bacteria, SE, an opportunistic pathogen in immunocompromised infants and important cause of sepsis in preterm infants (22) . Our model validation and bacterial dose-response tests showed that preterm newborn pigs were highly sensitive to increasing doses of SE, allowing us to monitor the spectrum from mild bacteremia to lifethreatening sepsis. When using a high SE dose (10 9 CFU/ kg), bacterial clearance was impaired, internal organs were macroscopically affected, and some animals became hypotensive, acidotic, and comatose, indicating a state of shock. In blood, we found an early, marked decrease in lymphocyte and monocyte counts, whereas neutrophil numbers were less affected. This is consistent with the hypothesis that adaptive immune cells are being sacrificed and innate immune cells are prioritized during neonatal sepsis (23) . Like in preterm infants (24) , the acute phase response was greatly impaired, and SE infection led to thrombocytopenia with several animals developing DIC at the highest SE dose, a hallmark sign of septic shock (25) .
In the present sepsis model, like most animal models of bacteremia, the dose and rate of bacterial exposure were increased relative to that of a spontaneous infection. Thereby, artificial disease induction may limit the translational relevance of the results. On the other hand, it is highly important to have a predictable and reproducible clinical response. A related murine model of neonatal SE bloodstream infection is similarly based on acute SE exposure on day 1 of life and includes recordings of bacterial clearance and inflammatory responses (26) . However, there are no reports of pathological changes or detailed clinical assessments, except an acute weight loss 24 h after bacterial induction, which is in contrast with the results obtained from this study, where SE-infected preterm pigs lost less weight relative to controls. This may be explained by increased body water retention due to edema and/or kidney failure, impairing the physiological fluid loss the first days after birth that adapts the newborn to a less hydrated state ex utero.
The preterm pig is very sensitive to serious infections partly due to an immature innate immunity (27) , but probably also because newborn pigs (in contrast to infants and rodents) are completely devoid of maternal IgG at birth and rely on milkderived IgG for passive immunity, transported across the immature gut by endocytosis (28) . The newborn pig passive immunity is modifiable by systemic administration of variable amounts of exogenous IgG from maternal serum (28) , thus allowing variable degrees of sensitivity to systemic infection. In this experiment, no exogenous IgG was administered to create a model with maximal sensitivity to bacteremia and sepsis. Very preterm infants are also insufficiently immunized with maternal IgG at birth, and their serum IgG levels are markedly reduced relative to those in full-term infants (6) . Decreased transfer of passive immunity from the mother may play a large role for increased sensitivity to systemic infections in both piglets and preterm infants.
The improved clinical features (blood pressure, respiration, consciousness level) after oral bovine colostrum supplementation may be related to improved bacterial clearance. Colostrum supplementation led to the uptake of moderate amounts of intact bovine IgG, confirming that in the newborn pig, species specificity of IgG is not required for immunoglobulin uptake. Conversely, in a recent pilot feasibility study of bovine colostrum supplementation to preterm newborn infants, colostrumderived IgG was not detected in serum (29) , so potential beneficial effects of absorbed bovine IgG may be specific for pigs and probably not relevant for human infants. However, preterm infants have an increased capacity to absorb intact milk protein in the early neonatal period, so other colostral proteins may become absorbed and benefit the systemic immunity (30) .
The SE-infected animals had reduced levels of serum iron, which is a key aspect of the host infectious response with iron being an essential microbial nutrient (31) . In human sepsis, low serum iron is directly associated with survival (32) . Interestingly, colostrum supplementation reduced serum iron levels possibly due to an iron-sequestering effect of colostrumderived lactoferrin or transferrin, which may have limited bacterial proliferation in vivo. We observed an early increase in circulating neutrophils after SE infection only in colostrum supplemented animals. Although these cells were later lost from the circulation, they may have facilitated the bacterial clearance that became apparent after 24 h. During systemic infection, the production and release of neutrophils from the bone marrow are tightly regulated by the colony-stimulating factors G-CSF and GM-CSF, which are present in colostrum (33) . Although treatment effects such as decreased serum iron and increased neutrophil levels may relate to colostral components, the present study design does not allow the discrimination between the effects of enteral feeding per se and colostrumspecific effects, which needs to be addressed in future studies comparing colostrum feeding with an enteral feeding control such as infant formula.
We have demonstrated that SE bloodstream infection in preterm newborn pigs leads to SE colonization of CSF (meningitis) and invasion of bacteria into the brain parenchyma. This is in contrast to the analogous murine SE infection model (26) , where bacteria was not observed in CSF, and suggests that the preterm pig may mimic the most vulnerable preterm infants with great risk of brain injury. We observed a severe acute brain response to SE infection characterized by brain barrier disruption and immune cell invasion. Thus, cerebral water accumulation and increased in vivo blood-to-CSF permeability was accompanied by gene regulation of tight junction constituents and markers of endothelial activation, progressing to extensive cerebral vascular edema in the most severely affected animals. Furthermore, major upregulation of genes coding for the leukocyte chemokines CXCL9-11 was associated with leukocyte accumulation in the CSF and brain parenchyma, as demonstrated by immune cell staining.
In SE-infected animals, colostrum supplementation stabilized the brain barriers, as indicated by complete normalization of in vivo blood-to-CSF permeability and hippocampal gene expression of tight junction proteins, which was accompanied by gene downregulation of chemokines, reduced bacterial invasion and leukocyte recruitment to the CSF. We speculate that these central effects are mainly indirect and occur due to improvements in the systemic response to SE infection after colostrum supplementation. In this study, the chemokines CXCL9-11 seemed to be potential drivers of the neuroinflammatory response, with markedly increased gene expressions after SE infection. Future studies should use cerebral immune costaining to identify the regional and cellular location of these chemokines, and couple this with signaling inhibition studies of the CXCL9-11 receptor CXCR3.
SE infection may have induced a shift in cerebral energy metabolism, indicated by upregulation of the genes encoding the b-Hydroxybutyrate receptor (HCAR2), Glucose transporter 3 (GLUT3), and the rate-limiting glycolytic enzyme Hexokinase 2 (HK2). This may be related to a state of cerebral hypoxia and such metabolic shifts are known for circulating immune cells and involve upregulation of the short-chain fatty acid receptor FFAR2, a potentially important link between the gut microbiota, host metabolism, and immunity (23) . Conversely, we observed that FFAR2 was among the few downregulated genes in the brain during SE infection along with Myelin basic protein (MBP), a myelin structural component. The role of FFAR2 expression in the brain remains unresolved despite its functional relevance for brain immune homeostasis (34) . The FFAR2 ligand butyrate, a major microbial metabolite, was recently shown to normalize a dysfunctional blood-brain barrier in newborn mice under germ-free conditions (35) . This may imply that neonatal brain maturation and homeostasis depend on gut microbial signaling and may be perturbed during sepsis. Future studies should characterize the gut microbial composition and metabolic profile in response to SE infection and nutrition interventions.
Using a newly established animal model of neonatal sepsis, we have shown that early oral supplementation with bovine colostrum to TPN-nourished newborns improves blood bacterial clearance and supports hemodynamics and respiration, thereby preventing septic shock. Colostrum supplementation also prevented brain barrier disruption and ameliorated the neuroinflammatory response during sepsis. It remains to be established, whether bovine colostrum supplementation may benefit sepsis-sensitive preterm infants, particularly those without access to their own mother's milk during the first days and weeks after preterm birth.
